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Anatomy of an Amyloidogenic Intermediate:
Conversion of -Sheet to -Sheet Structure
in Transthyretin at Acidic pH
disease-causing mutations destabilize the tetramer,
leading to formation of amyloid at a higher pH compared
with WT (McCutchen et al., 1993, 1995; Lashuel et al.,
1998, 1999; Quintas et al., 2001; Nettleton et al., 1998).
For WT TTR, amyloid forms over a pH range of 3.6–5.2,
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University of Washington with maximal amyloid formation around pH 4.4, where
the monomer is the predominant species (Lai et al.,Seattle, Washington 98195
1996). The -content (by far-UV CD) of this monomeric
form appears to be high, with a signal approximately
75% of that of an engineered, monomeric construct (LaiSummary
et al., 1996; Jiang et al., 2001). The tertiary structural
changes were more dramatic, as assessed by near-UVThe homotetramer of transthyretin (TTR) dissociates
CD and fluorescence (Lai et al., 1996; Jiang et al., 2001).into a monomeric amyloidogenic intermediate that
This monomeric species has been called an amyloido-self-assembles into amyloid fibrils at low pH. We have
genic intermediate. Earlier, this intermediate was re-performed molecular dynamics simulations of mono-
ported not to bind 1-anilino-8-naphthalenesulfonic acidmeric TTR at neutral and low pH at physiological (310
(ANS) (Lai et al., 1996), but it has been shown recentlyK) and very elevated temperature (498 K). In the low-
that it does bind ANS (Jiang et al., 2001). At pH 2, ANSpH simulations at both temperatures, one of the two
binding increases and the tertiary structure becomes-sheets (strands CBEF) becomes disrupted, and
further disrupted. This lower pH state is incapable of-sheet structure forms in the other sheet (strands
forming amyloid.DAGH). -sheet is formed by alternating L and R
There is a plateau in the denaturation curve of TTR,residues, and it was first proposed by Pauling and
as measured by the intrinsic Trp fluorescence over theCorey. Overall, the simulations are in agreement with
amyloid-forming pH range (pH 4.3–5.2), suggesting thethe available experimental observations, including
buildup of an intermediate with tertiary structure distinctsolid-state NMR results for a TTR-peptide amyloid. In
from that of the native protein (Lai et al., 1996). Thisaddition, they provide a unique explanation for the
change in intrinsic fluorescence is due to dynamicresults of hydrogen exchange experiments of the amy-
quenching of Trp41 (Lai et al., 1996). This effect isloidogenic intermediate—results that are difficult to
thought to be the result of a structural rearrangementexplain with-structure. We propose that-sheet may
of the C-strand-loop-D-strand region (hereafter referredrepresent a key pathological conformation during am-
to as the CD-loop, residues 40–56) (Figures 2A and 2B)yloidogenesis.
(Lai et al., 1996). It has been hypothesized that these two
strands become unstructured or detached, revealing the
Introduction more structured A and B strands for self-association
(Lai et al., 1996; Kelly and Lansbury, 1994; Kelly et al.,
Transthyretin (TTR) is the primary transporter of the thy- 1997; Gustavsson et al., 1995). Protease sensitivity stud-
roid hormone thyroxine in cerebral spinal fluid, and it ies support this hypothesis, as WT TTR is cleaved by
is a secondary transporter of this hormone in plasma the V8 protease at several sites in the CD-loop region
(Herbert et al., 1986). TTR has been implicated as the at pH 4.4 but not at pH 7.5 (Kelly et al., 1997).
causative agent in two amyloid diseases: senile sys- Kelly and coworkers have engineered a double mutant
temic amyloidosis (SSA) and familial amyloid polyneu- (F87M/L110M) to destabilize the dimer and tetramer in-
ropathy (FAP). FAP patients are usually heterozygous terfaces (Jiang et al., 2001). This double mutant, referred
for single-point mutations in TTR that accelerate the to as M-TTR, is 95% monomeric at neutral pH, with a
deposition of amyloid fibrils in the peripheral nervous tertiary structure similar to WT TTR. M-TTR at neutral
system, leading to peripheral nerve dysfunction and pH is nonamyloidogenic, but it becomes amyloidogenic
death (Kelly, 1998). In SSA, wild-type (WT) TTR contrib- as the pH is lowered, showing maximal fibril formation
utes to a gradual buildup of amyloid fibrils in cardiac at pH 4.4 (Jiang et al., 2001). M-TTR appears to undergo
tissue, which can lead to heart failure (Westermark et tertiary structural changes in the amyloid-forming pH
al., 1990). More than 80 single-point mutations resulting range identical to that of WT, as monitored by far- and
in disease have been identified (Saraiva, 2001). near-UV CD spectroscopy and Trp fluorescence (Jiang
Both WT and mutant TTR form amyloid in vitro via a et al., 2001). These findings demonstrate that dissocia-
pH-mediated denaturation pathway (Colon and Kelly, tion to monomer alone is not sufficient for amyloid for-
1992; McCutchen et al., 1993). Upon partial acid dena- mation and that pH-mediated changes in the tertiary
turation, the native homotetramer dissociates into a mo- structure of the monomer are required for self-assembly
nomeric amyloidogenic intermediate with altered ter- into amyloid.
tiary structure, which can then self-assemble into Despite the many biophysical studies performed to
amyloid fibrils (Figure 1) (McCutchen et al., 1993). FAP date, structural characterization of the amyloidogenic
pathway remains elusive because experimental studies
are generally complicated by the dynamic equilibrium*Correspondence: daggett@u.washington.edu
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Figure 1. Diagram of the Amyloidogenic Pathway for TTR
Patterned after figures of Kelly and coworkers, for example (see
Kelly et al. [1997]).
between tetramer, monomer, and the formation of amy-
loid fibrils. For this reason, molecular dynamics (MD)
simulations may be useful in examining the intrinsic con-
formational properties of amyloidogenic proteins and
peptides (Kirshenbaum and Daggett, 1995a, 1995b;
Alonso et al., 2001, 2002; Kazmirski et al., 1995, 2002;
DeMarco and Daggett, 2004; Ma and Nussinov, 2002a,
2000b; Zanuy et al., 2003; Massi et al., 2002; Klimov and
Thirumalai, 2003; Ding et al., 2002; Gsponer et al., 2003;
Kuwata et al., 2003). Such simulations can complement
and extend experimental studies by providing atomic
resolution models for the process. Here we describe
simulations of monomeric TTR at neutral pH (pH 6–7),
where all His residues are neutral; at medium pH (ap-
proximately pH 4–6), where all His residues are proton-
ated; and at low pH (approximately 2 pH 4.2), where
all His, Asp, and Glu residues are protonated. The low-
and medium-pH conditions span the experimental pH
over which conversion has been observed in a variety




The C root-mean-square deviation (rmsd) from the
crystal structure was greater for the protein at neutral
than at low pH over the 25 ns simulation time at 310 K
(Figure 2C). At neutral pH, the greatest deviation from
the native structure occurred over the C-terminal half
of the molecule, including the FG-loop, G strand, GH-
loop, H strand, and C terminus (Figure 2D). At low and
Figure 2. Topology Map, Crystal Structure of TTR, and Changes to
medium pH, the deviation from native structure was the Structure during MD
significantly lower over the G and H strands. (A) Topology map and crystal structure of TTR. Topology map was
Various average properties of the protein in the simu- drawn using the TOPS software (Westhead et al., 1999).
lations at 310 K are provided in Table 1. The percentage (B) Crystal structure of TTR (Hamilton et al., 1993).
(C) C rms deviation from the starting structure as a function ofof -structure was higher under slightly acidic condi-
simulation time for the monomer simulations at 310 K.tions (medium pH) compared with neutral pH over the
(D) C rms deviation from the starting structure as a function offirst 25 ns. The -content dropped by 25%, however,
residue number for the simulations in (C). UCSF MidasPlus (Ferrin
when the simulation was continued to 50 ns. A 20% et al., 1988) was used to make Figures 2, 3, and 5–11.
drop upon lowering the pH is observed experimentally
(Jiang et al., 2001). There were noticeable differences
in hydrogen bonding and side chain packing with and stable at neutral pH. So, we simulated M-TTR at
neutral pH as another control. Although M-TTR appearschanges in pH (Table 1). The side chain packing and
environments of Tyr and Phe at medium and low pH to have similar tertiary structure to WT according to
near-UV CD, fluorescence, and 1D proton NMR, it haswere different than in the crystal structure, consistent
with the changes in the near-UV CD spectrum. a slightly higher -sheet content than WT (Jiang et al.,
2001). Our simulations at 310 K are in agreement withExperimental studies have shown that the engineered
double mutant (F87M/L110M) M-TTR is 95% monomeric this observation (Table 1). Thus, our pH model repro-
Anatomy of an Amyloidogenic Intermediate
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Table 1. Average Properties of the Protein as a Function of pH and Temperature
SASA SASA Total No. No. of
TTR C Rmsd SASAa Trp 41a Trp79a Hydrogen Tertiary
Simulations Time (ns) (A˚) (A˚2) (A˚2) (A˚2) % Helixb % Betab Bondsc Contacts
Simulations at 310 K
Neutral pH 0–25 5.5 8,800 104 28 9 26 80 374
Medium pH 0–25 4.0 8,539 105 19 9 31 80 386
Low pH 0–25 4.0 8,325 120 15 6 21 65 395
M-TTR 0–25 5.1 8,507 111 16 9 28 83 378
Unfolding Intermediate States at 498 K
M1 0.43–0.67 8.1 9,844 183 84 2 9 65 300
M2 1.07–1.29 8.0 10,219 167 33 5 14 70 310
M3 0.08–0.22 6.3 9,770 141 46 8 28 64 330
L1 0.25–0.62 9.2 11,171 135 79 3 17 36 290
L2 0.12–0.50 6.4 10,068 219 27 6 22 45 333
L3 0.25–0.60 7.5 10,110 142 29 7 11 58 349
L4 0.21–0.30 8.5 10,799 153 62 4 13 47 314
L5 0.25–0.50 7.8 10,850 202 54 4 15 40 305
L6 0.25–0.50 5.9 10,298 151 87 4 33 49 331
Unfolding Intermediate at 310 K
Medium pH 45–50 6.5 9,486 174 24 9 19 68 338
a Total solvent accessible surface area was calculated using NACCESS (Hubbard and Thornton, 1993). The value for the starting structure,
the crystal structure, is 6697 A˚2.
b Percentage of helical structure over all 127 residues calculated as repeating units of at least 3 contiguous residues in helical (φ,) space:
(100  φ  30 and 80    5). The starting structure has 8% helix and 54% beta. Percentage of  structure over all residues
calculated as repeating units of 3 contiguous residues in beta (φ,) space: (170  φ  50 and 170   80). Note that this definition
often underestimates  structure; hydrogen bonds can be present even with dynamic distortions in the dihedral angles.
c Hydrogen bonds were calculated using a distance cutoff (O … H distance  2.6 A˚). Using this hydrogen bonding criterion, the minimized
starting conformation at neutral pH has 117 native hydrogen bonds.
d Contacts were calculated using a distance cutoff (polar atom pairs  4.6 A˚, and  5.4 A˚ for all others. The minimized starting conformation
for WT at neutral pH has 474 native contacts.
duces the essential features of the experimental pH titra- of the six trajectories. For the other three, interactions
between the E and the B strands were lost first, followedtion curve, and our medium- and low-pH results appear
to be relevant to the pH range (3.6–5.2) for amyloid shortly thereafter by loss of hydrogen bonding between
the DA strands. After interactions were lost between theformation (see Figure 8a in Jiang et al., 2001).
Interestingly, deviation from the native hydrogen EF and CB strands, the -sheet hydrogen bond network
formed somewhere within the DAGH-sheet, centeredbonding pattern was observed over the DAGH-sheet,
involving a transition from -sheet to -sheet secondary on AG.
The unfolding events at medium pH were similar tostructure. The -sheet was first proposed by Pauling
and Corey (1951a) (discussed further below). The trans- those at low pH. Three independent trajectories were
performed, and the CBEF-sheet was disrupted quicklyformation from - to -sheet initially extended across
the entire DAGH-sheet, but with further simulation time, in all three. Dynamic -sheet structure formed within
the DAGH-sheet, particularly over the AG strands. Com-the D and H strands pulled away, leaving -sheet struc-
ture centered on the A and G strands (Figures 3C pared with the neutral-pH simulations, the main effect of
lowering the pH was the formation of -sheet structure.and 3D).
Given that we are interested in modeling the amyloido-
genic intermediate of TTR and that these 498 K simula-Thermal Unfolding
While we observed an intermediate at medium pH at tions were performed under highly denaturing condi-
tions, we cannot take the final structures as models of310 K that is consistent with experiment (evidence pre-
sented below), the conformational change was very slow the intermediate, as we did for the 310 K medium-pH
simulation. Instead, putative unfolding intermediatesat this temperature and required long simulation times.
To improve our sampling of unfolding intermediates, were identified via an all-versus-all C rmsd comparison
of the structures (Li and Daggett, 1994, 1998). The di-we performed 12 unfolding trajectories at 498 K. In the
simulations at neutral pH, unfolding began with loss of mensionality is then lowered to give a projection in three-
dimensions. The distance between points in this re-native structure in the H strand and between the H and
G strands. Then, hydrogen bonding was disrupted be- duced representation approximates the actual C rmsd
between the structures. Thus, points that cluster in suchtween the EF strands, followed by the AG, DA, and CBE
strands. Little to no -sheet structure formed at neutral a representation are necessarily similar and can be used
to classify conformational ensembles.pH. The denatured state contained little to no -structure.
Six independent trajectories were performed at low Here we define intermediates as clusters within a par-
ticular simulation that are also structurally similar to suchpH. -sheet structure formed in all six simulations. The
D strand was the first to lose native structure in three intermediates in other independent simulations. That is,
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Figure 3. Structure of the DAGH-Sheet of
TTR
(A) Crystal structure.
(B) -sheet structure in the L4 intermediate.
Above each hydrogen bond is the percentage
of simulation time the hydrogen bond is intact
over the time interval when the intermediate
was populated (Table 1).
(C) Structure of the 25 ns DAGH-sheet from
the 310 K simulation at low pH. Above each
hydrogen bond is the percentage of simula-
tion time the hydrogen bond is intact from 20
to 25 ns.
(D) Structure of the 50 ns DAG-sheet from
310 K simulation at medium pH. Above each
hydrogen bond is the percentage of simula-
tion time the hydrogen bond is intact from 40
to 50 ns.
we reason that correspondence between independent in the various simulations, rather than all at once in a
simulations increases the likelihood of it being a well- concerted manner. Such a crankshaft-like motion in-
populated intermediate. Further discussion of this ap- volves rotation of the peptide plane, changing the (φ,)
proach can be found in Jemth et al. (2004). Figure 4 angle of residues i and i	1, with only a minor change
shows a depiction of the rmsd matrix for the three me- in the orientation of the side chains (Daggett et al., 1991,
dium-pH (M1–M3) and the six low-pH trajectories (L1– and references therein). The -sheet→-sheet transition
L6). One can pick out clusters within a simulation by proceeded via sequential “peptide-plane flipping” start-
focusing on the main diagonal (Figure 4). A single un- ing on the AG strands and then on the H strand. The
folding intermediate was identified for each simulation, transition altered the packing of the side chains only
and then overlap with clusters from other simulations slightly (Figure 6). A recent study investigating possible
was determined by inspection of the off-diagonal ele- peptide-plane flips in protein crystal structures pre-
ments in Figure 4. The intermediates identified are struc- dicted this transition, but the most common peptide
turally similar in all simulations at low and medium pH, plane flip provides interconversion of type I and type II
independent of temperature (Figure 5). The properties -turns (Hayward, 2001).
of these intermediates are given in Table 1. -sheet -sheet secondary structure formed in the simulations
was most prevalent between the A and G strands in all by regular hydrogen bonding between adjacent strands.
simulations, and it was also observed over the entire Rather than being formed by average repeating (φ,)
DAGH-sheet, AGH, and AG strands. angles, as with  helices and  strands, the -sheet is
defined by an alternation of residues in the R and the L
conformations. The (φ,) angles each residue sampledDescription of Dynamic -Sheet
over the-sheet regions in the pooled intermediate stateSecondary Structure
ensembles were calculated to obtain average (φ,)The -sheet→-sheet transition occurred sequentially
through individual transitions of backbone (φ,) angles angles for -sheet structure: (φ	,	) 
 (45  8, 92 
Anatomy of an Amyloidogenic Intermediate
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Figure 4. Pairwise C Rmsd Matrix Compar-
ing All Nine Medium- and Low-pH Unfolding
Trajectories at 498 K
The x and y coordinates indicate the time
points of the structures being compared,
ranging from 0–3 ns in each box, with color-
coded rmsds. The magnitude of the C rmsd
is give in the color scale to the right of the
plot (0–2 A˚, black; 2–4 A˚, red; 4–6 A˚, purple;
6–8 A˚, blue; 8–10 A˚, green; 10–12 A˚, cyan;
and 12–25 A˚ white). On-diagonal clusters in-
dicative of a conformational ensemble are
represented by a thickening of the diagonal.
The presence of off-diagonal clusters sug-
gests that the corresponding on-diagonal
clusters belong to a common unfolding inter-
mediate.
Figure 5. Structures of TTR Thermal Unfolding Intermediates at 498 K
The secondary structure is only shown in the ribbon diagram when it is persistent in the intermediate. The backbone conformation is shown
for persistent elements of secondary structure in the DAGH-sheet.
Structure
1852
Figure 6. Side Chain Packing for the -Sheet and the -Sheet
(A) Hydrophilic face of the AGH-sheet.
(B) Hydrophobic face of the AGH-sheet. The bottom panel was made using MolScript (Kraulis, 1991).
28) and (φ,-) 
 (87  7, 49  4) (Table 2). -sheet structures (Pauling and Corey, 1951c). For clar-
ity, we refer to the polar-pleated sheet conformation asAccording to the program PROCHECK (Laskowski et
al., 1993), these average -sheet (φ	,	) angles are in -sheet for two reasons: (1) its structure was proposed
the “additionally allowed” and “generously allowed” re- before the -sheet; and (2) it is made up of alternating
gions, and the average (φ,) angles fall in the “most R and L residues. Similarly, DeSantis et al. (1974) pro-
favored” and “additionally allowed” regions of the Ra- posed a similar structure, which they termed -pleated
machandran map. sheet, for alternating D, L amino acids. Both the - and
-sheets have the same meridonal repeat distance,
4.75 A˚, and the same average hydrogen bond distanceHistorical Background of the -Sheet
Pauling and Corey (1951a, 1951b) proposed the “polar- (2.3 A˚). Pauling and Corey described three -sheets:
one that was flat, one with a 7 rotation, and anotherpleated sheet” before the parallel and antiparallel
Anatomy of an Amyloidogenic Intermediate
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antiparallel -sheets cannot participate in bifurcated hy-Table 2. Average -Sheet (φ,) Angles
drogen bonds, while an  helix can be bifurcated be-
 strand Residue φ ()  ()
tween -helical (i, i	4) and 310-helical (i, i	3) structure,
A strand 13 104 43 or -helical (i, i	5) structure, or even by simultaneous
14 47 92 interactions with water (Armen et al., 2003). -sheets
15 88 54
can also form bifurcated hydrogen bonds, and when16 50 102
these are considered,-sheets can have more hydrogen17 86 53
bonds per residue than -sheets. The A strand had the18 32 112
G strand 106 84 49 highest population of -sheet structure. This finding is
107 56 94 interesting since the A strand is also the single most
108 90 44 amyloidogenic fragment (Chamberlain et al., 2000), and
109 48 96
it forms well-ordered fibrils with morphology similar to110 82 52
that of the WT TTR fibrils.111 51 20
With the exception of N1, the unfolding simulationsH strand 116 81 54
117 35 107 at neutral pH did not contain -sheet structure. In N1,
118 83 45 the -sheet formed over the DAG strands, but it was
119 47 92 short (3–4 residues) and transient compared with others
120 84 51
that formed at low and medium pH, which were com-121 42 110
posed of strands as long as 7 residues.Average (,) 87  7 49  4
Average (	,	) 45  8 92  28
The average (φ,) angles were calculated for the -sheet residues Comparison with Experimental Data
over the pooled intermediate ensemble. -sheet structure is charac-
for the Amyloidogenic Intermediate of TTRterized by every other residue having repeating (φ,) angles; every
The major transition in intrinsic fluorescence over theother residue is in (	,	) conformational space, or in (,) conforma-
tional space. amyloid-forming pH range has been ascribed to dy-
namic quenching of Trp41 by solvent (Lai et al., 1996).
At 310 K, Trp41 became more exposed to solvent at low
and medium pH, in agreement with experiment (Table 1).
with a 20 rotation (Pauling and Corey, 1951a). The flat
The solvent accessible surface area of Trp79 was much
-sheet had (φ1,1, φ2,2) 
 (73,82, 73,82), the 7 lower than for Trp41 in all simulations at 310 K, as well
rotation -sheet had (φ1,1, φ2,2) 
 (69,74, as during the unfolding process at 498 K (Table 1).
60,83), and the 20 rotation -sheet had (φ1,1,φ2,2)
 Wemmer and coworkers have used hydrogen ex-
(97,66, 56,106). The -sheets in our simulations
change experiments to investigate differences between
were mostly flat at low pH, but they did not follow glide
nonamyloidogenic TTR conformations at pH 5.75 and
plane symmetry, where φ1,1 
 φ2,2. Our average amyloidogenic conformations at pH 4.5 (Liu et al., 2000a,
(φ,) angles from MD (φ1,1/φ2,2) 
 (87,49/ 2000b) (Figures 7A and 7B). Experimentally, the back-
45,92).
bone amides of 13 residues (residues 23, 30–35, 42, 69,
71, 72, 93, and 95) show elevated exchange rates at
pH 4.5 compared with pH 5.75. Equally important, 14-Sheet Hydrogen Bonding
Figure 3A shows the native -sheet hydrogen bond net- residues remain protected at low pH (residues 12–22,
25, 107, and 111).work in the TTR crystal structure. Many atoms involved
in hydrogen bonds (55H-14O, 17H-109O, 15H-107O, The simulations at 310 and 498 K can be compared
with the hydrogen exchange data, but the comparison110H-117O, and 108H-119O) became involved in
-sheet hydrogen bonding (for example, see residues is necessarily indirect, as our simulations do not allow
for the making and breaking of covalent bonds. Instead,53–55, 15–17, 107–110, and 117–119, Figure 3B). The
-sheet hydrogen bond network formed by a similar we monitor the extent of interactions between the pro-
tein’s amide hydrogens and solvent (Alonso and Dag-mechanism at both 310 and 498 K. Typically, the process
began with formation of a -sheet network over residues gett, 1995). In simulations at 310 K, all 13 of the amides
showing elevated exchange at pH 4.5 are predicted to15–17 on the A strand and residues 107–110 on the G
strand, which is very similar to the progression observed be protected from exchange independent of pH in the
25 ns simulations; however, continuation of the simula-in the low- and medium-pH trajectories at 310 K. Repre-
sentative -sheet hydrogen bonding networks at both tion at medium pH to 50 ns led to a more dynamic
hydrogen bond network, and these NH groups inter-310 and 498 K are presented in Figure 3.
Bifurcated hydrogen bonds were important in the for- acted with solvent. These 13 residues interacted sub-
stantially with solvent in the partially unfolded intermedi-mation and stabilization of -sheet structure. Hydrogen
bonds were monitored for both possible bifurcations ate states generated at 498 K.
Some of these partially unfolded conformational en-(e.g., 19H-110O and 19H-111O). In Figure 3B, the mode
of bifurcation in the L4 intermediate shown in light blue sembles are in better agreement with the protection
data than others, but taken together they account forbetween the A and G strands was prevalent. Without
considering the bifurcation of hydrogen bonds, there virtually all of the hydrogen exchange results (Table 3).
For example, L4, correctly predicted 89 of 117 amides.was a similar number of hydrogen bonds per residue
involved in interactions between adjacent strands in the This intermediate correctly predicts 13 of the 14 amides
that remain protected at low pH (shown in blue in Figure- and -sheets. The hydrogen bonds in parallel and
Structure
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Figure 7. Comparison of Simulation Struc-
tures to Hydrogen Exchange Data
(A) Experimental hydrogen exchange profile
at pH 5.75 mapped onto the crystal structure,
as in Liu et al. (Liu et al., 2000a, 2000b). Am-
ides that undergo complete exchange within
2 hr are shown in green, amides that ex-
change in 72 hr are shown in yellow, and am-
ides that are protected for more than 500 hr
are shown in blue.
(B) Experimental hydrogen exchange profile
at pH 4.5 mapped onto the crystal structure
as in Liu et al. (2000a, 2000b). The backbone
amides of 14 residues in the DAGH-sheet that
remain protected are shown in blue. The
backbone amides of the 13 residues that
show elevated exchange rates at pH 4.5 are
shown in magenta.
(C) Predicted hydrogen exchange profile from
the L4 intermediate mapped onto the 0.6 ns
structure. Backbone amides predicted to be
protected are shown in blue, and amides pre-
dicted to exchange with solvent are shown
in magenta.
8, Intermediate L4) and 10 of 13 residues that exchange ble of intermediates at medium and low pH. Interest-
ingly, -sheet structure in the A strand would not be(shown in magenta in Figure 7C). For comparison, the
experimental results at pH 4.5 are mapped onto the expected to reproduce the experimental protection pat-
tern, as we would also expect protection of residues oncrystal structure in Figure 7B.
-sheet structure provides an explanation for the high the D and G strands, which is not observed. In addition,
the turn between the A and B strands is important inprotection observed in the A and G strands via both
the orientation of amide groups in the -sheets formed reproducing the experimental protection pattern (Fig-
ure 7C).between the AG strands and the high frequency of
-sheet structure between the AG strands in the ensem- The transition from -sheet structure to -sheet ob-
Anatomy of an Amyloidogenic Intermediate
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Table 3. Comparison of Solvation of Amide Groups of Intermediates with Hydrogen Exchange at pH 4.5
Total No. of NH
Groups Predicted No. Protected No. New Exchanging
Simulationa Timeb (ns) Correctlyc NH at pH 4.5d NH at pH 4.5e
M1 0.43–0.67 92 11 6
M2 1.07–1.29 76 4 10
M3 0.08–0.22 74 8 4
L1 0.25–0.62 91 4 5
L2 0.12–0.50 90 9 3
L3 0.25–0.60 81 12 5
L4 0.21–0.30 89 13 10
L5 0.25–0.50 90 6 10
L6 0.25–0.50 84 11 6
M 310 K 45–50 83 8 10
Ensemble Averagei 102/117 7/14 12/13
Ensemble Coveragej 115/117 14/14 13/13
a Name of the simulation intermediate.
b Time period for the intermediates.
c Total number of 117 residues correctly predicted at pH 4.5. Amide hydrogens are predicted to exchange if they hydrogen bond with water
10% of the simulation time. Very similar results were obtained using a 20% cutoff, but the agreement with experiment worsened with a
cutoff 30%. Because of the approximately ten times longer sampling interval at 310 K, a 1% cutoff for interactions with water was used to
normalize the interaction times.
d Total number of 14 residues (12–22, 25, 107, 111) correctly predicted to be protected. These residues are strongly protected at pH 4.5 and
are colored blue in Figure 7.
e Total number of 13 residues (23, 30–35, 42, 69, 70, 71, 93, 95) correctly predicted to exchange with solvent. Although these 13 residues are
strongly protected at pH 5.75, they exchange with solvent at pH 4.5 and are colored magenta in Figure 7.
g Total number of 117 residues correctly predicted at pH 4.5.
i Results for the ensemble average of intermediates.
j Coverage of the hydrogen exchange data by the ensemble. Consider an amide to be correctly predicted if a single intermediate within the
ensemble correctly predicts the amide.
served in multiple simulations also offers an explanation served for other systems (Day et al., 2002; Mayor et al.,
2000, 2003; Ferguson et al., 2001; Zhu et al., 2003). Also,for the protection of residues 107 and 111. The transition
on the A and G strands followed a similar pathway in note the similarity between the 50 ns 310 K structure
and the intermediates at high temperature, particularlymultiple simulations. The -sheet network formed first
over residues 15–17 and residues 107–110. The first M1 (Figure 5).
The agreement between the MD-predicted exchangepeptide plane flip occurred for the amide groups of resi-
dues 16 and 109, which created an -sheet orientation behavior and experiment is clearly not perfect. One rea-
son for this is that the simulations cannot actually ac-for the amides of 15, 16, and 17 on the A strand and
the amides of residues 107, 108, 109, and 110 on the G count for exchange, so the comparison is necessarily
crude, as mentioned above. In addition, hydrogen ex-strand. This common pathway led to a similar intermedi-
ate backbone configuration in the transition from change experiments only probe the monomeric interme-
diate indirectly since it cannot be isolated. For the wild--sheet to -sheet, where both amides 111 and 107
remained protected from exchange with solvent. In Fig- type protein, the hydrogen exchange experiments are
limited to a study of the equilibrium between the tetra-ure 8 we compare the crystal structure to the -sheet
intermediate from L4 and to the 310 K 50 ns -sheet meric and monomeric forms (Liu et al., 2000a, 2000b),
which makes detailed comparisons with experimentstructure. The -sheet intermediate from L4 protected
the amide of residue 111 (Figure 7), while exposing the even more difficult. Nevertheless, our ensemble of MD-
generated -sheet intermediates is in good agreementamide of residue 107. In contrast, in the 50 ns 310 K
structure, the amide of residue 107 was protected, while with the available experimental data, particularly consid-
ering the necessarily indirect nature of the comparison.the amide of residue 111 was exposed to solvent (Figure
3). The structures are very similar from independent tra- Comparison with recent findings from monoclonal an-
tibody studies also aid in evaluation of the putative MD-jectories after the peptide plane flips of residues 16
and 109. generated amyloidogenic intermediates. In particular,
antibodies recognizing residues 39–44 and, separately,The overprotection predicted by the 25 ns 310 K simu-
lations suggests that the average amyloidogenic inter- residues 56–61, appear to discriminate between native
and amyloidogenic conformations (Redondo et al., 2000;mediate structure at pH 4.5 may be more unfolded or
dynamic than the 25 ns simulations would indicate. Palha et al., 2001). These regions are encrypted in the
native structure but exposed in amyloidogenic interme-However, extension of the medium-pH simulation to 50
ns led to opening of the CBEF-sheet and heightened diates and fibrils. These regions are exposed in our
simulated intermediates (Figure 8).interactions with water for amides of residues 30–35,
suggesting that the sampling improves with increasing Various topologies of -sheet were observed in the
simulations, with the AG strands at the core of everytemperature and the high temperature simulations sam-
ple the same process as at lower temperature, as ob- one of them. The variability of the edge strands is consis-
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Figure 8. Representative Structures of Un-
folding Intermediates at Different pHs and
Temperatures
The secondary structure is depicted with a
ribbon when it is highly persistent in the inter-
mediate. Tyr, Phe, and Trp are shown and
colored cyan. Amyloid-specific antibody
binding epitopes, residues 39–44 and 56–61,
are shown in red.
tent with the lack of protection in these regions. In partic- regions of the protein were undefined by experimental
nuclear Overhauser effect crosspeaks (NOEs). However,ular, notice the changes in the C-D-loop region (the red
many NMR and crystal structures were found with well-and green regions on the left in Figures 1, 5, 7, and 8),
defined-sheet conformations (some examples are pro-which is cleaved by the V8 protease at acidic pH (Kelly
vided in Table 4). Not one of the 48 entries has moreet al., 1997).
than 5 contiguous residues adopting -sheet, and very
few of these examples participated in extensive -sheet
Evidence for -Sheet Structure in Native Proteins hydrogen bonding, as described above for TTR.
Since -sheet structure appears to represent a novel Figure 9 shows examples of short -sheet hydrogen
form of secondary structure, it is important to see bond networks in the C2 phospholipid binding domain.
whether such structure is observed in experimentally (Note that these proteins only contain two -sheet resi-
determined protein structures. To this end, we searched dues and they are not in the group of 48 described
a nonredundant version of the Protein Data Bank (PDB) above.) In this common fold, deviation from normal
(Holm and Sander, 1998) for examples of peptide seg- -structure to-sheet structure was involved in the twist
ments (4 residues) that exhibit the characteristic alter- of the -sheet, and it is conserved among structural
nation of residues in (	,	) and (,) conformational homologs. In the NMR structure of Janus-faced C2B
space. There are 48 unique entries in this database that domain of rabphilin (Ubach et al., 1999) (Figure 9A), the
adopt such structure (48 of 5951 structures). Many of small -sheet hydrogen bond network is well ordered in
all 20 of the models, and all models have nearly identicalthese are NMR structures where the N- or C-terminal
Anatomy of an Amyloidogenic Intermediate
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not determined directly. The structure is estimated byTable 4. Summary of Search for Repeating -Sheet (φ,) Angles
in the Protein Data Bank comparing the observed chemical shifts with the chemi-
cal shifts of model compounds/proteins (Cornilescu etPDB Code Resolution (A˚) Residues
al., 1999). So, it may be premature to rule out -sheet in
1b0p 2.3 673–676 the fibrillar form. In addition, the C-C and C-N distances
1poi 2.5 97–100
determined by solid-state NMR can be satisfied by both1fep 2.4 379–382
- and -sheets.1ldm 2.1 262–265
To test our model and to see if -sheet structure is1bwu 2.8 76–79
4aah 2.4 22–25 consistent with the NMR observables (the chemical
1hlu 2.6 197–200 shifts) rather than the predicted dihedral angles, we cal-
1gqf 2.9 341–344 culated chemical shifts for an -sheet intermediate and
1f9b 2.7 261–264
for the crystal structure (Figure 10) using the method of1a05 2.0 31–34
Xu and Case (2001). In particular, we focused on resi-1b7t 2.5 99–102
dues 105–115 of TTR, as this fragment has been studied1e9t NMR 19–22
1hcp NMR 70–73 by solid-state NMR by Jaroniec et al. (2002). While the
1jg4 NMR 42–45 comparison is not ideal since the experimental data are
1bfm NMR 50–53 for an aggregated peptide in the solid state and we are
1ael NMR 56–59
comparing with segments within monomeric full-length1ssn NMR 76–79
proteins in solution, it allows us to test the dependence1qnd NMR 96–99
of the calculated chemical shift on the secondary struc-1tfi NMR 6–9
3hsf NMR 50–53 ture. In the case of the crystal structure, residues 105–
1ef4 NMR 51–54 115 are -structure, and in our simulated amyloidogenic
1bvh NMR 66–69 intermediates they adopt -sheet structure.
The nonredundant protein database (Holm and Sander, 1998) was The chemical shifts for residues 105–115 calculated
searched for four residue segments with alternating (φ,) angles in for the - and -sheet structure (Figure 10) were quite
(	,	) and (,) conformational space, where all four residues were similar (Table 5). Furthermore, they are in good overall
required to be within 45 of ideal -sheet (φ,) angles. Ideal (	,	) agreement with experiment. The correlation coefficients
and (,) conformations for -sheet were taken to be [(φ,) 

were 0.95 and 0.92 for the - and -sheet structure(45, 90)] and [(φ,) 
 (90, 45)], respectively. The search was
versus experiment, respectively (Figure 10). Correlationsperformed for structures with (0  φ  90 and 45    135)
alternating with residues with (135 φ45 and90   0). for individual atom types varied, and in general the -
and -structure were comparable, even when they were
in poor agreement with experiment, as with 15N (Table
5). The agreement between the calculated chemical
(φ,) angles, hydrogen bonding distances, and angles
shifts and experiment for the -sheet suggests that the
(bifurcated hydrogen bonds are shown in magenta). Two
novel structure identified through the simulations may
other homologs contain very similar structures and (φ,)
be present in amyloid fibrils. More in-depth analysis
angles: the 1.9 A˚ crystal structure of the C2 domain of
and comparison with experiment will be performed for
snaptotagmin I (Sutton et al., 1995) (Figure 9B), and
oligomeric models of the 105–115 peptide to rule out
the 2.4 A˚ crystal structure of the calcium phospholipid
differences due to the indirect nature of our comparison
binding domain of cytosolic phospholipase A2 (Perisic
between peptide data and full-length protein structural
et al., 1998) (Figure 9C).
models.
So, while rare in native structures, -sheet is ob-
served, and many of these segments correspond to 
bulges. The bifurcated hydrogen bonding seen in TTR Implications for -Sheet Intermediates
is also observed in some native structures, although it in Amyloid Disease
is much less extensive. Furthermore, a recent study of In addition to TTR, we have observed the formation of
protein structures in the PDB has shown that a short -sheet in simulations of three other proteins at low pH
alternation of residues in theR and theL conformations and both low and high temperatures (298–310 and 498
can create anion and cation binding site “nests” (Watson K): the prion protein, the D67H variant of human lyso-
and Milner-White, 2002a, 2002b). Thus, these conforma- zyme, and2-microglobulin (Armen et al., 2004). Interest-
tions are not only in allowed regions of conformational ingly, all of these form amyloid, and in the case of the
space they are also populated, albeit weakly, in native prion protein, -sheet structure forms in the region that
states. has been implicated in the structural transition from PrPC
to PrPSc (Alonso et al., 2001, 2002). For the other two
proteins, regions of -sheet structure map to their mostEvidence for -Sheet Structure in Fibrils
It is possible that -sheet secondary structure is only amyloidogenic regions (Armen et al., 2004). Since we
have only seen this transition in amyloidogenic proteinsformed in the prefibrillar amyloidogenic intermediate, as
several recent reports of solid-state NMR experiments at low pH and not in nonamyloidogenic proteins (Armen
et al., 2004), it is possible that -sheet structure is com-suggest that highly ordered amyloid fibrils of peptides
are composed of both parallel and antiparallel mon among amyloidogenic intermediates.
The most striking characteristic of -sheet structure-structure (Antzutkin et al., 2000; Tycko, 2000; Jaroniec
et al., 2002; Spencer et al., 1991; Petkova et al., 2002). is the alignment of the carbonyl and amide groups par-
ticipating in hydrogen bonds between the strands form-However, the -structure per se is typically assumed,
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Figure 9. Structures from the PDB with Ex-
perimentally Defined Bifurcation of -Sheet
Hydrogen Bonding
Structures from the PDB with experimentally
defined bifurcated hydrogen bond networks
in -bulges. Different experimentally deter-
mined ([A], NMR; [B and C], crystal structures)
but structurally related structures are dis-
played to illustrate bifurcated hydrogen
bonding as seen in -sheets. Main chain dihe-
dral angles are provided for selected residues
along with their conformation.
ing a “polar-pleated sheet.” This feature of -sheet 1998) and  helices (Worchester, 1978; Pauling, 1979)
orient with the helical axis parallel to the magnetic field.structure immediately suggests a mechanism for self-
assembly into amyloid fibrils. Figure 11 shows how the Another difference between -sheets and -sheets is
that -sheets tend to be flatter. In the cross -structurepartial charges from the peptide backbone conforma-
tion create two complementary charged interfaces, us- model of amyloid modeled from synchrotron fiber dif-
fraction experiments (Blake and Serpell, 1996), there ising AGH as an example. Arnsdorf and coworkers have
presented a general dipole model for amyloidogenic an interstrand twist of 15 between  strands, similar to
-structure in native proteins. However, recent cryo-intermediates, suggesting that amyloidogenic proteins
build up a molecular dipole at low pH (Xu et al., 2001). electron microscopy studies of peptides suggest that
amyloid is formed from protofilaments containing flatTheir model proposes that attractive forces between
dipoles account for linear self-assembly (Xu et al., 2001). sheets with little interstrand twist (1.5–2.5) (Jimenez et
al., 1999, 2002). Our -sheet structures for TTR exhibitIt seems unlikely that -sheet structure exhibits a ma-
crodipole; however, the partial charges that define the a similar range of interstrand twist.
In short, we propose that as an amyloidogenic proteinedges of the -sheet create an end effect, similar to that
of an  helix (Daggett et al., 1989). unfolds under mildly acidic conditions,-sheet structure
facilitates self-association into larger amyloid protofi-The diamagnetic anisotropy of the planar peptide
groups in an  helix contributes to a greater total mag- brils (Figure 11). Once the protofibrils are formed via the
-sheet intermediate, the -sheet may remain in thenetic anisotropy for  helices compared with -sheets
(Worchester, 1978; Pauling, 1979). The diamagnetic an- mature fibrils, or it is possible that the reverse transition
from -sheet to -sheet occurs. Given that there areisotropy of the peptide groups in the -sheet structure
may explain why amyloid fibrils grow more efficiently, antibodies that preferentially bind protofibrils and amy-
loidogenic intermediates but not mature fibrils, the latterand in an ordered orientation, in the presence of a mag-
netic field (Fraser et al., 1991; Malinchik et al., 1998). scenario in which -sheet converts to -sheet as the
fibril matures seems more likely. However, it would ap-Both amyloid fibrils (Fraser et al., 1991; Malinchik et al.,
Anatomy of an Amyloidogenic Intermediate
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Figure 10. Conformation of Residues 105–
115 in the Crystal Structure and in a Snapshot
from the L4 Intermediate Ensemble
Below each structure is a plot of the corre-
sponding calculated chemical shifts for these
residues compared with the experimental
values.
pear that -sheet is compatible with solid-state NMR derived peptide amyloid by solid-state NMR. Overall,
the simulations are in good agreement with the availableobservables for amyloid fibrils, suggesting that it may
be present in mature fibrils. Hopefully both experimental experimental observations and provide a new, experi-
mentally testable molecular model of the amyloidogenicand theoretical studies in the future will be able to distin-
guish between these possibilities. intermediate of TTR. We propose that the formation of
-sheet structure may be a common feature of amy-
loidogenic intermediates.Conclusions
Various experiments suggest that the amyloidogenic in-
termediate populated by transthyretin at pH 3.6–5.2 is Experimental Procedures
partially unfolded with disrupted but native-like tertiary
Subunit A of the 1.7 A˚ WT TTR crystal structure (1tta) (Hamiltonstructure. In low- and medium-pH unfolding simulations
et al., 1993) was used for the initial WT monomer conformation.that span the amyloidogenic pH range determined ex-
Molecular dynamics simulations were performed at neutral pH (His
perimentally, the CBEF-sheet opens up. The conforma- neutral), medium pH (His protonated and charged), and low pH (His
tional changes and interactions of main chain amide protonated and charged, and Asp and Glu residues protonated and
neutral). In the body of the paper we collectively refer to mediumgroups with solvent are in agreement with proteolysis
and low pH as low pH, as they span the low-pH experimental condi-studies and hydrogen exchange data collected at pH
tions under which amyloid forms. Lys and Arg residues were ionized4.5. Disruption of the CBEF-sheet is coincident with the
in all simulations. The starting structures for all simulations wereformation of -sheet secondary structure in the DAGH-
minimized 500 steps after applying the appropriate protonation
sheet. Two- (AG) and three-stranded (AGH) -sheet in- state. Waters were added to make a box that extended at least 8 A˚
termediates give the best agreement with the hydrogen from any protein atom, resulting in the addition of approximately
4000 water molecules. All simulations were performed for 25 ns atexchange data. At 310 K, the TTR monomer retains the
37C (310 K) using the program ENCAD (Levitt, 1990). The initialmajority of its native secondary and tertiary structure at
conformation of M-TTR was modeled from subunit A of the WT TTRneutral pH, while -sheet structure forms across the
crystal structure. Twelve independent thermal unfolding simulationsmiddle of the DAGH-sheet at medium pH in extended
(three at neutral pH, three at medium pH, and six at low pH) were
(50 ns) simulations. Furthermore, our putative -sheet performed for 3 ns at 498 K. The neutral-pH simulations at 498 K
amyloidogenic intermediates from 310 and 498 K simu- are denoted (N1, N2, and N3), the medium-pH simulations at 498 K
are denoted (M1, M2, and M3), and the low-pH simulations atlations are consistent with chemical shifts of a TTR-
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Table 5. Comparison of Experimental and Calculated NMR Chemical Shifts for Residues 105–115 of TTR within a -Sheet (Crystal
Structure) and within an -Sheet Intermediate
Residue Number Atom Experimentala -Sheetb -Sheetc
TYR 105 15N 39.2 123.6 117.8
THR 106 15N 117.0 121.1 111.1
ILE 107 15N 127.0 127.2 119.9
ALA 108 15N 128.0 136.9 117.8
ALA 109 15N 125.1 124.4 112.9
LEU 110 15N 127.0 123.6 117.5
LEU 111 15N 127.5 122.8 107.2
SER 112 15N 117.2 118.7 110.3
PRO 113 15N 135.8 142.7 135.1
TYR 114 15N 127.3 113.7 111.1
R (Calculated versus Experimental)d 0.20 0.06
TYR 105 13CO 172.0 174.7 117.3
THR 106 13CO 173.5 173.7 176.7
ILE 107 13CO 174.1 173.1 116.1
ALA 108 13CO 174.5 175.0 179.2
ALA 109 13CO 173.3 174.9 122.0
LEU 110 13CO 174.2 174.3 177.6
LEU 111 13CO 173.9 176.1 115.1
SER 112 13CO 173.6 177.2 176.2
PRO 113 13CO 174.8 179.1 177.4
TYR 114 13CO 173.6 116.0 173.8
R (Calculated versus Experimental)d 0.10 0.48
TYR 105 13C 56.3 55.7 58.1
THR 106 13C 62.6 60.7 64.3
ILE 107 13C 60.2 58.6 63.7
ALA 108 13C 49.9 50.8 53.7
ALA 109 13C 50.3 51.0 53.6
LEU 110 13C 54.4 53.3 58.3
LEU 111 13C 54.1 53.2 55.7
SER 112 13C 55.4 56.6 55.7
PRO 113 13C 62.6 64.7 65.6
TYR 114 13C 57.7 57.4 61.8
SER 115 13C 57.8 57.7 54.9
R (Calculated versus Experimental)d 0.96 0.89
TYR 105 13C 36.5 39.2 37.0
THR 106 13C 72.5 68.9 70.4
ILE 107 13C 41.8 36.4 36.9
ALA 108 13C 22.1 20.9 18.4
ALA 109 13C 22.9 22.0 18.8
LEU 110 13C 45.5 44.9 41.9
LEU 111 13C 44.3 44.2 39.6
SER 112 13C 63.2 67.3 66.0
PRO 113 13C 32.6 32.4 32.2
TYR 114 13C 43.8 39.5 38.5
R (Calculated versus Experimental)d 0.98 0.99
a The experimental chemical shifts from an amyloid fibril formed from a peptide fragment (residues 105–115) of transthyretin determined by
magic-angle spinning solid-state NMR spectroscopy (Table 1) (Jaroniec et al., 2002).
b The calculated chemical shifts from the TTR crystal structure 1tta (Hamilton et al., 1993). 15N and 13C chemical shifts were calculated using
a standard implementation of SHIFTS 4.1 (Xu and Case, 2001).
c The calculated chemical shifts from TTR in a regular -sheet conformation. This conformation came from L3 (1125 ps) where the AGH strands
all form regular -sheet structure.
d The linear R correlation coefficient between experimental value and predicted value by specific atom type 15N, 13CO, 13C, 13C.
498 K are denoted (L1–L6). The 310 K simulations were performed 0.2 ps for analysis, resulting in 125,000 structures for each 25 ns
trajectory and 15,000 structures for each 3 ns trajectory.for at least 25 ns. In total, 161 ns of simulation time are presented
here.
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Figure 11. -Sheet Amyloidogenic Interme-
diate Model
(A) Structures of representative -sheet un-
folding intermediates.
(B) Possible topologies for the amyloidogenic
intermediate based on the results of our simu-
lations.
(C and D) Schematic -sheet intermediate
model for self-assembly into amyloid. A main
chain model for an all -sheet AGH-sheet is
shown with the partial charges on the inter-
face in red for negative and blue for positive
charges.
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